Background
Introduction
Liver regeneration is a well-orchestrated phenomenon essential for both acute restoration of liver volume after resection and maintenance of its volume during chronic liver injury. A regenerating liver, after partial hepatectomy (PH), requires the formation of a complex network of liver sinusoids through which the blood flows. Thus, the angiogenic phase is a fundamental process of LR, occurring predominantly in the later phase [1] . Among the seven members of the vascular endothelial growth factor (VEGF) family (VEGF-A, VEGF-B, VEGF-C, VEGF-D, VEGF-E, VEGF-F, and PlGF), VEGF-A lies at the forefront of blood vessels formation [2, 3] . VEGF-A is known as the most potent and specific growth factor for both angiogenesis and vasculogenesis [4, 5] . Importantly, VEGF-A holds a regulatory role in differentiation and growth of liver sinusoidal endothelial cells (LSECs) [6] . VEGF-A has been considered as a central angiogenic player of LR [7] .
Liver injury elicits trapping and accumulation of platelets in the liver, where they adhere to the endothelium and this interaction is considered to activate LSECs by the release of various growth factors including VEGF-A [8] . At the same time, different growth factors released from activated platelets are also responsible for the proliferative effects on hepatocytes [8] . Notably, recent in vitro study suggests that platelets deliver their RNA content to the hepatocyte and this RNA transfer contributes to platelet-mediated hepatocyte proliferation [9] . A new novel mechanism by which platelets communicate with their environment has been known, which involves the de novo protein synthesis [10] rather than catching from the circulation.
Platelet secreted VEGF-A, as a robust angiogenic factor, has gained significant attention for its grievous role in tumor biology [11] [12] [13] [14] . Platelets also modulate wound healing and tissue regeneration by release of its growth factors like VEGF-A [15] . There should be a discernible variation between the pathological and physiological angiogenesis propelled by the platelet VEGF-A. In this study, we assessed the level of IP VEGF-A preoperatively and at four weeks of PH in patients with hepatocellular carcinoma (HCC). As a result, a significantly higher level of IP VEGF-A was observed at four weeks of PH. Preoperative IP VEGF-A showed positive association with HCC progression. The IP VEGF-A level was noted prominent during the later phase of LR and the elevation was associated with the future remnant liver volume (FRLV).
abdominal computed tomography (CT), magnetic resonance imaging (MRI), alpha-fetoprotein (AFP) and prothrombin induced by vitamin K absence-II (PIVKA-II). Liver resections were classified according to the International Hepato-Pancreato-Biliary Association, Brisbane (IHPBA) 2000 nomenclature: major hepatectomy defined as resection of 3 or more than 3 Couinauds segments and minor hepatectomy as the resection of less than 3 Couinauds segments.
Collection of Samples
Venous blood was collected immediately before surgery (PRE OP) and four weeks after surgery (POST OP). Complete blood count (CBC) was performed with an automated hematology analyzer Sysmex XE-5000 (Sysmex Corporation, Kobe, Japan).
The institutional ethics committee (Kagoshima University # 24-155/ 26-77, Kirishima Medical Center # 2505 and Kagoshima Medical Center # 25-30) approved analyses of blood samples and patient data; all patients gave signed, informed consent. All three institutional ethic committee reviewed and specifically approved this study. Study was conducted in accord with the ethical standards of the Committee on Human Experimentation of the institution in which the experiments were done or in accord with the ethical standards of the Helsinki Declaration of 1975.
Serum and Plasma Preparation
Whole blood was collected in the serum separating tube and a citrate tube, containing 0.5 ml of sodium citrate, and an EDTA-2k tube for cell count (Venoject II, Terumo Corp., Tokyo, Japan). Serum tube was incubated undisturbed at room temperature for 30 minutes to allow clotting. Both serum and plasma tubes were centrifuged at 1710 × g for 10 minutes.
The resultant supernatants were carefully pipetted, at least 5 mm above the clot.
Platelet Isolation
Blood was drawn in two citrate tubes. The tubes were centrifuged at 90 × g for 15 minutes. The resultant platelet rich plasma (PRP) was gently pipetted with precautions to avoid contamination. Next, the PRP was centrifuged at 2810 × g to isolate the platelets. The supernatant (platelet poor plasma) was collected very precisely and decanted for the complete removal of the plasma from the pellets. Platelet pellets isolated from each 200 μl of PRP were suspended in 220 μl of lysis buffer (150 mM sodium chloride, 25 mM Tris-HCl pH 7.6, 1% Tergitol-type NP-40, 0.1% sodium dodecyl sulfate, 1% sodium deoxycholate); after incubating for 20 minutes, the lysate solution was pipetted and vortexed until the pellets were completely dissolved in the solution. CBC was carried out in 3 preparations: whole blood, PRP and PPP.
Quantification of the Growth Factors and Cytokines
Serum, plasma and platelet extracts were analyzed together by commercially available enzymelinked immunosorbent assay (ELISA) tests for human VEGF-A, HGF, Epidermal growth factor (EGF), Platelet derived growth factor-BB (PDGF-BB), soluble VEGF receptor-1 (sVEGFR-1) and soluble VEGF receptor-2 (sVEGFR-2), Angiopoetin-1 (Ang -1), Interleukin-6 (IL-6) (Quantikine; R&D Systems, Minneapolis, MN, USA) and tumor necrosis factor alpha (TNF-α) (Novex, Life Technologies, Carlsbad, CA, USA); according to the manufacturer's guidelines.
Calculation of IP VEGF-A
Platelet content of VEGF-A per 10 6 platelets was calculated using the equation:
6 platelets= mlÞ Intraplatelet (IP) Ang-1 was calculated using the similar equation.
Liver Function Assessments
Serum bilirubin, albumin, aspartate aminotransferase (AST), alanine aminotransferase (ALT), alkaline phosphatase (ALP), gamma-glutamyl transferase (GGT), alpha-fetoprotein (AFP), C-reactive protein (CRP) and prothrombin time (PT) were measured as routine blood test. Hepatic functional reserve was assessed by indocyanine green (ICG) clearance test, 99mTc-galactosyl human serum albumin (GSA) scintigraphy and Child-Pugh score.
Preoperative liver volumetric analyses were obtained using a three-dimensional volume analyzer (SYNAPSE VINCENT; FUJIFILM Medical Co., Tokyo, Japan). Resection volume or FRLV was expressed in percentage. Out of 37 patients, 33 patients underwent liver volumetric examination and were used in the analysis with postoperatively detectable variables.
Statistical Analysis
Statistical analyses were conducted using Graph Pad Prism (version 6.0d for Mac OS X, USA, GraphPad software, San Diego California, USA) and were based on nonparametric tests (Mann-Whitney's U test, Wilcoxon's test, and Spearman's correlation). IP VEGF-A and IP Ang-1 level were expressed per 10 6 platelets; all the biomarkers are shown graphically using box-and-whisker plots. Two-tailed P values of less than 0.05 were considered statistically significant.
Results

Patient Demographics
Clinicopathological characteristics of all patients are summarized in Table 1 . Although the cohort included only patients with HCC, the evidence of cirrhosis was not evenly distributed. All the patients in the study belonged to Child Pugh class A according to the Child-Pugh classification. Nineteen patients received preoperative transcatheter arterial chemoembolization (TACE) or radiofrequency ablation (RFA). None of the patients received intraoperative platelet transfusions. Taking preoperative IP VEGF-A as a reference, 10 baseline characters (age, sex, etiology, cirrhosis, tumor staging, tumor size, vascular invasion, previous interventions, resection type and serum AFP) were analyzed. Except for tumor size, staging, vascular invasion and resection group, no statistically significant difference in baseline characteristics was observed between the groups (Table 1) IP VEGF-A is Elevated in the Later Phase of LR The study focused on the angiogenic or delayed phase of LR. Serum VEGF-A was analyzed in two events: preoperatively and at four weeks after PH; the postoperative level of serum VEGF-A was higher than that of the preoperative level (median serum VEGF-A: PRE OP, 288.4 pg/ ml; POST OP, 377.7 pg/ml, P<0.01; Fig 1A) . Similarly, the postoperative IP VEGF-A was significantly more elevated than that of the preoperative level (median IP VEGF-A × 10 6 platelets: PRE OP, 0.8612 pg; POST OP, 1.362 pg, P<0.001; Fig 1C) . There was no significant difference in the level of plasma VEGF-A between preoperative and postoperative states (P = 0.495; Fig 1B) . This findings show that both serum and IP VEGF-A is elevated at four weeks after PH.
Association of IP VEGF-A with Tumor Size and RLV
Patients were divided in two groups; minor and major hepatectomy groups. The difference in concentrations of serum and IP VEGF-A were compared in the two groups (Fig 2A and 2B ). Even though the preoperative level of serum VEGF-A in the major group was apparently higher than that of the minor group, no statistically significant difference was observed between the two groups (median serum VEGF-A: PRE OP major, 398.0 pg/ml; PRE OP minor, 275.4 pg/ml; P = 0.082), but the postoperative serum VEGF-A in the major group was significantly higher than that of the minor group (median serum VEGF-A: POST OP major, 485.0 pg/ml; POST OP minor, 345.6 pg/ml; P<0.05). IP VEGF-A followed a similar trend like serum VEGF-A; as shown in Fig 2B , preoperative IP VEGF-A level in the major group was significantly higher than that of the minor (median PRE OP major, 1.362, pg/ml; POST OP major, 1.938 pg/ml: P = 0.09). Further, we specifically analyzed the correlation between tumor size and preoperative IP VEGF-A. The relationship between resection volume percentage and postoperative IP VEGF-A was analyzed to check the impact of RLV on IP VEGF-A sequestration. We found a significant correlation between the preoperative IP VEGF-A and the tumor size (P<0.01; r = 0.4789; Fig 2C) ; similarly postoperative IP VEGF-A and resection volume also showed a statistically significant correlation (P<0.01; r = 0.452; Fig 2D) . These findings demonstrate that the volume of IP VEGF-A is associated with tumor size and resected volume.
Association of Pro-inflammatory Cytokine IL-6 in IP VEGF-A Sequestration
Previous studies have shown the role of IL-6 in VEGF-A production [16, 17] . Of 37 cases, IL-6 was detectable in postoperative serum in 25 patients. The postoperative serum IL-6 level was significantly elevated compared to the preoperative level (median serum IL-6: PRE OP, 0 pg/ml; POST OP, 4.246 pg/ml; P< 0.01; Fig 3A) . However, serum TNF-α level was below the detectable range in both preoperative and postoperative samples (Fig 3B) . Compared to the minor hepatectomy group, the major hepatectomy group demonstrated a more pronounced elevation of serum IL-6 (median serum IL-6: Major, 10.18 pg/ml; minor, 4.70 pg/ml; P<0.05) during LR as illustrated in Fig 3C. Elevation of serum IL-6 is obvious for several days following major surgery, however elevation of IL-6 at one month of hepatectomy was not predicted. We found a statistically significant correlation between postoperative IL-6 and IP VEGF-A (P<0.05; r = 0.4905; Fig 3D) . Additionally, the significant correlation between postoperative serum IL-6 and the percentage of volume resection (P<0.05; r = 0.459; Fig 3E) corresponds to the similar association of IP VEGF-A and the extent of resection. Taken together, IL-6 is found to be elevated after four weeks of PH, and correlates with IP VEGF-A.
Major Mitogens and Other Key Platetet Derived Growth Factors are not Elevated in the Later Phase of LR
Hepatocyte growth factor (HGF) and epidermal growth factors (EGF) are the major mitogens; the breach in the signaling pathways associated with these factors would likely abolish the process of LR [18] . No statistically significant change in serum HGF concentrations between the preoperative and postoperative phases was found (median serum HGF: PRE OP, 2401 pg/ml; POST OP = 2565 pg/ml; P = 0.511; Fig 4A) . Serum EFG is largely secreted by platelets. We also found a significant positive correlation between platelet count and serum EGF (S3A Fig) . Serum EGF also did not yield a significant difference between the two phases (median serum EGF: PRE OP = 291.3 pg/ml; POST OP = 287.5 pg/ml; P = 0.40; Fig 4B) . Platelet derived growth factor (PDGF)-BB, known as the most potent mitogen for hepatic stellate cell proliferation, is substantially produced by platelets. Not surprisingly, serum PDGF-BB was positively correlated with the platelet count (P<0.001; r = 0.41; S3B Fig) . We didn't find a significant difference in the serum concentration of PDGF between preoperative and postoperative states (median serum PDGF-BB: PRE OP, 1912 pg/ml; POST OP, 2178 pg/ml; P = 0.30; Fig 4C) .
Next, we assessed angiopoetin (Ang)-1 as another important marker of angiogenesis during LR [19] . A major portion of serum Ang-1 derives from the platelet [20] . A direct correlation between serum Ang-1 and platelet count was found (P<0.01; r = 0.32; S3C Fig) . Surprisingly, no significant difference was observed in the level of serum Ang-1 between preoperative and postoperative phases (median serum Ang1: PRE OP = 24504; POSTOP = 25449 pg/ml; P = 0.79; Fig 4D) . Additionally, analysis of IP Ang-1 from the isolated platelets also did not demonstrate any significant difference between preoperative and postoperative concentrations (median IP Ang1 × 10 6 platelets: PRE OP = 13688 pg/ml; POST OP = 15262 pg/ml; P = 0.676; . Our results portray an ongoing angiogenic drive at one month of hepatectomy. We observed a significant drop in the level of postoperative sVEGFR1 than that of the preoperative (median sVEGFR1: PRE OP, 189.6 pg/ml; POST OP, 124.3 pg/ml; P< 0.0001; Fig 5A) . Unlike sVEGFR1, we did not observe significant difference in the level of serum sVEGFR2 between the two events (median sVEGFR2: PRE OP, 7773 pg/ml; POST OP, 8306 pg/ml; P = 0.976; Fig 5B) . No direct association between soluble VEGF receptors and IP VEGF-A was noted. Strikingly, however, the sharp drop in the level of sVEGFR1 (delta sVEGFR1) was inversely correlated with the resection volume (P<0.05; r = -0.3620; Fig 5C) .
Discussion
Two distinct phases of LR after PH have been reported: an early inductive phase with rapid proliferation of hepatocytes followed by an angiogenic phase distinguished by the expansion of non-parenchymal compartment. Our study examined IP VEGF-A in the later phase of LR. Major serum pool of VEGF-A is attributed to the activated platelets in cancers and other pathologies [12, 13, 22] . Serum VEGF-A per platelet count has been studied in HCC patients, illustrating its association with disease progression [13] . Our study analyzed the actual VEGF-A content in isolated platelets from patients with HCC and observed its association with cancer progression. There is ample evidence that platelets are directly involved in tumor growth, angiogenesis and metastasis. The adverse effects of platelet on HCC are essentially due to the growth factors secreted from its granules [23] . Furthermore, another study has suggested that VEGF may improve LR after PH [8] . Notably, we have demonstrated prominent elevation of serum and IP VEGF-A at a remote phase of LR. Our findings forward an insight on dual roles of IP VEGF-A on HCC and LR. Surgical wound induces the initiation of local and systemic reactions, where activated platelets secrete various growth factors to repair the injured structures [15] . Analysis in the early phase after major surgery would not solely reflect platelets response to LR, as surgical wound healing is active for the first few weeks of operation. Bondestam J et al. [24] observed elevation of serum VEGF-A after major surgery on the first and third postoperative day, but not in the later samples. In the current study, the cytokines were analyzed four weeks after surgery, when the CRP level had already reverted to normal (S4 Fig), minimizing the chances of overlap between platelets response to surgical wound healing and LR. An active regeneration with increased mitotic activity has been demonstrated until 10-35 days following hepatectomy in normal livers, whereas the livers with cirrhosis or hepatitis showed histologic evidence of regeneration during the first two months [25] . Although the major volume regenerates by one month, LR continues throughout the first postoperative year [26] . Most postoperative liver failures are known to occur within a month of liver resection [27] . Four weeks after PH is a decisive period of LR. Furthermore, the aim of this study was to examine the IP VEGF-A at the later phase of LR when angiogenesis is supposed to be more prominent.
The circulating levels of the major mitogens of hepatocytes proliferation, HGF and EGF [18] , did not show significant changes in the serum at four weeks of PH. Other major angiogenic factors, EGF, Ang-1 and PDGF-BB, considered essential in LR [19] , are largely secreted by platelets [20] . PDGF-BB is known for its potent proliferative effect on hepatic stellate cells [28] . Nevertheless, lack of significant changes in the level of major growth factors including those derived from the platelet itself reflect perpetual potential of IP VEGF-A in modulating angiogenesis during the later phase of LR.
The two major pro-inflammatory cytokines IL-6 and TNF-α are centrally responsible for activation of STAT-3, NF-κB, phosphoinositide 3-kinase (PI3K) and Akt pathways during LR [29, 30] . Deficiency of one of these cytokines in the bone marrow derived blood cells significantly impaired LR in mice [31] . The relationship between IL-6 and VEGF-A production has already been established in different cell models [16, 17, 32] . That expression of VEGF-A is regulated by IL-6 in human megakaryoblastic cell line MEG-01 [33] prompts speculation that IP VEGF-A may derive from the megakaryocytes. Except for its proliferative competency in the early phase of LR, IL-6 might enhance angiogenesis during the later phase of LR by promoting IP VEGF-A production.
Circulating levels of sVEGFR1 essentially determine the pathophysiological roles of VEGF-A as it binds to free VEGF-A, reducing the actual amount binding to endothelium [34] . Furthermore, sVEGFR1 as an antiangiogeneic agent significantly reduces the number of LSECs after PH, thereby suppressing LR [35] . Angiogenesis relies on a balance between positive and negative endothelial regulators [36] . The suppression of sVEGFR1 observed in our study reflects a fine-tuned angiogenesis during the later phase of LR.
Clinical evidence of platelets as relevant inducer of LR has been demonstrated in human subjects [37, 38] . Intrahepatic accumulation of platelets was observed in mice models [39] ; in a more recent study, Starlinger et. al [38] have reported that platelets selectively accumulate at the site of LR after PH in human subjects. Although the underlying mechanism of intrahepatic accumulation is not completely understood, it is presumed that a potential trigger for platelet migration and trapping within the liver could be the hemodynamic alterations generated in the remnant liver by the surgical procedure. The platelet activation might be elicited by the shear stress itself or by platelet binding to an as yet unidentified membrane-bound receptor on LSEC or hepatocytes, or by platelet internalization [8] . Regardless of the solid underlying mechanism, it is now acknowledged that the intrahepatic accumulation of platelet following injury has a mitogenic effect on LR. Platelets proliferative effect on liver cells is attributed to release of its growth factor and transfer of platelets RNA [9] .
In our study, even though most of the patients had an elevated postoperative platelet count, there was no statistically significant difference between the counts of pre and postoperative events nor was any obvious difference observed between the platelet count of major and minor group ( S2 Fig). Depending on the RLV, however, each platelet was loaded with an excess amount of VEGF-A. The IP VEGF-A, described as excess in cancers [11] [12] [13] [14] , is demonstrated here to be much higher after a month of PH.
In a large cohort of patients with gastric cancer, radical resection of the tumor resulted in a significant decrease in preoperative serum VEGF-A over a 30-day period [40] . In another study, serum VEGF-A raised for the first 3-5 days, but not in later days after major cardiovascular surgery in patients without cancer [24] . On the contrary, we found substantial elevation in the concentration of VEGF-A in a month of PH, indicating its relevance to the later phase of LR. As a limitation of our study, the degree of neo-angiogenesis was not assessed in the resected specimen or regenerating liver. However, prominent elevation in IP VEGF-A concentration coupled with significant down-regulation of neutralizing sVEGFR1 maintained a sustained pro-angiogenic environment for neovascularization during the later phase of LR.
VEGF-A, up-regulated in various cancers, is closely correlated with pathological characteristics of the tumor, metastasis and prognosis. Our findings showed association of IP VEGF-A with HCC tumor size, stage and vascular invasion. Taken together, these results suggests that preoperative IP VEGF-A might represent a potential predictor of HCC progression. On the other hand, angiogenesis accompanied by LR is indispensible for the sustained regeneration. Multiple angiogenic factors are required following liver resection or liver injury, and VEGF-A as a pro-proliferative mitogen is essential during LR. Moreover, a recent study has indicated an important association between defective releases of platelet VEGF-A and liver dysfunction after PH in humans [38] . VEGF-A dominantly behaves as a complete mitogen for LSECs [41] . We found selective elevation VEGF-A in the delayed phase of LR, while other major pro-proliferative mitogens like HGF, EGF, Ang-1 and PDGF-BB were not significantly changed to the preoperative level. These findings suggest that competency of IP VEGF-A in facilitating the angiogenesis until later phase of LR. Administration of VEGF-A increased liver mass in mice model [42] . A conceivable implication of exogenous VEGF-A has also been discussed in liver disease and in conditions with diminished hepatic signaling [43] . Recruiting IP VEGF-A as an alternative source might lead to a more amenable impact on LR. The paradoxical response of IP-VEGF-A to HCC and the later phase of LR illustrated in this study, takes one step closer to understanding the therapeutic strategies platelet can offer as an inducer of LR.
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